We analyzed the local structures of NaNbO 3 and AgNbO 3 by combining the X-ray absorption fine structure (XAFS) and atomic pair-distribution function (PDF) techniques. NaNbO 3 is known to be an antiferroelectric material at room temperature. It also undergoes a diffuse phase transition, in which orthorhombic and rhombohedral phases coexist over a wide temperature range. We found a disordered feature in the nearest-neighbor bond distance corresponding to the Nb-O bonds. The disordered bond distribution disappeared when Li was substituted for Na. A similar disorder feature was found in AgNbO 3 . The disordered site can be specified by combining XAFS and PDF techniques. The sequences of disordered and complex phase transitions are attributable to the competition between the tolerance of the AO 12 cage and the tilt of NbO 6 octahedra.
Introduction
The structure of ferroelectric materials is often disordered and, even more important, is the key to a deeper understanding of relaxor ferroelectrics, ferroelectric alloys with morphotropic phase boundary, and so on. A local structural probe such as an extended X-ray absorption fine structure (EXAFS) or the atomic pair-distribution function 1) (PDF) method will reveal the nature of disordered systems. However, the more limited number of studies of highly disordered systems have revealed several instances in which EXAFS results are in disagreement with PDF results, for example, in metal and semiconductive materials.
2) These apparent discrepancies arise from the limitation of the EXAFS technique, which is the lack of meaningful low momentum transfer information.
3) A similar phenomenon may also be observed in disordered ferroelectric materials. When the difference between the local structures obtained by XAFS and PDF can be found, it is possible to specify a disordered site.
This study focuses on two members of the perovskite (ABO 3 ) niobate namely, NaNbO 3 and AgNbO 3 , which are candidate members of disordered ferroelectric systems. These materials show complex phase transition sequences, [4] [5] [6] as shown in Fig. 1 . In both systems, ferroelectric and antiferroelectric phases coexist around room temperature. The coexisting phases suggest the existence of structural randomness, in which the local structure deviates from the main framework of the average structure. For this reason, the phase transition sequences of NaNbO 3 7-9) and AgNbO 3 10-14) remain uncertain, and the symmetries of several phases remain controversial. These findings imply that both AgNbO 3 and NaNbO 3 systems comprise two coexisting subsystems: 15, 16) a strongly correlated subsystem that undergoes normal sharp phase transitions and a subsystem associated with disordered Nb ion displacements that leads to a disordered antiferroelectric state. [17] [18] [19] [20] The complexity of the structural phase-transition sequences of NaNbO 3 and AgNbO 3 suggests competition among several structural instabilities with very similar free energies. 21) The structural complexity of NaNbO 3 and AgNbO 3 affects the alloying of these materials with other perovskites, such as Li-substituted NaNbO 3 22,23) and AgNbO 3 . 24, 25) Given this experimental background, the local structure analysis of NaNbO 3 and AgNbO 3 is more informative than the average structural analysis when a small substitution induces a large structural change. In this study, we analyzed the local structures of NaNbO 3 and AgNbO 3 by collaborating synchrotron X-ray PDF analysis and XAFS measurements. Although the long-range crystal structure is most effectively characterized by traditional crystallographic analysis, periodic patterns formed by crystal structures are often relatively insensitive to local irregular deviations of the atomic positions from their average sites. In contrast, XAFS and PDF can directly quantify the local structures. 26, 27) In NaNbO 3 and AgNbO 3 , the local structures were essentially disordered. We emphasize that the ground states differ between the two compounds. Specially, Li ordered the Nb-O bonds of the B-site in NaNbO 3 and the Ag-O bonds of the A-site in AgNbO 3 .
Experimental procedure
X-ray diffraction measurements were performed on NaNbO 3 , Na 0.94 Li 0.06 NbO 3 , AgNbO 3 , and Ag 0.9 Li 0.1 NbO 3 ceramics. The samples were synthesized by a solid-state reaction method. Details of the sample preparation are given in Refs. 4 and 7. Synchrotron X-ray powder diffraction data were collected in the transmission mode at the beamlines BL04B2 28) and BL14B1 29, 30) of SPring-8 facility. To reduce the wavelength and improve the Q factor (= 4π sin θ=λ), the samples were irradiated with high-energy X-rays (60.0 keV). A high Q is required for the PDF technique. Samples were loaded into quartz capillaries or Kapton foil, and their scattered radiation was collected by a germanium detector. Both short-and longrange structural parameters were refined by the PDFFIT program 31, 32) in the PDF technique and by Rietveld refinement with the RIETAN-FP program. 33) XAFS measurements were performed at the BL14B1 of SPring-8. XAFS spectra were obtained by recording the Nb-K absorption edge. Each XAFS spectrum was obtained at a 0.5 eV resolution and normalized by the incident X-ray beam.
Results and discussion
Figure 2(a) shows the X-ray diffraction profiles of NaNbO 3 and Na 0.94 Li 0.06 NbO 3 acquired at room temperature. The Li substitution sharpened the Bragg peaks, but otherwise induced little changes in the diffraction profiles except small additional peaks indicated by the arrows. The average structures of NaNbO 3 and Na 0.94 Li 0.06 NbO 3 were analyzed by Rietveld refinement of the data sets obtained at room temperature, using a pseudo-Voigt peak shape function and the assigned individual isotropic (U iso ) temperature factors. The observed Bragg peaks of pure NaNbO 3 were assigned by assuming an orthorhombic structure with the space group Pbcm, which was the same structure reported by Mishra et al. 8) Initially, we assumed the same orthorhombic structure with the space group Pbcm in the Rietveld refinement of Na 0.94 Li 0.06 NbO 3 , but the orthorhombic single phase yielded no satisfactory fit owing to the existence of additional peaks. Next, we tried mixing the orthorhombic Pbcm and rhombohedral R3c structures, mimicking the low-temperature structure of pure NaNbO 3 . The fitting result was improved, as shown in Fig. 2 Table I . Note that the mixed structure of the orthorhombic component was the same as that of pure NaNbO 3 , and some of the structural parameters for the rhombohedral component of Na 0.94 Li 0.06 NbO 3 could not be refined owing to the small volume fraction. The Li substitution effect was more obvious in AgNbO 3 . X-ray diffraction profiles of AgNbO 3 and Ag 0.9 Li 0.1 NbO 3 are shown in Fig. 3(a) . Additional peaks appear in Ag 0.9 Li 0.1 -NbO 3 profile, as indicated by arrows. The average structures of the AgNbO 3 and Ag 0.9 Li 0.1 NbO 3 were refined using the aforementioned process. Although AgNbO 3 was well fitted to an orthorhombic Pmc2 1 structure, Ag 0.9 Li 0.1 NbO 3 needed a coexisting phase model. A satisfactory fit was achieved by assuming coexisting orthorhombic Pmc2 1 and rhombohedral R3c structures, as shown in Fig. 3(b) . As observed for NaNbO 3 , Li substitution in AgNbO 3 yielded rhombohedral structures. The refined parameters for pure AgNbO 3 and the rhombohedral component of Ag 0.9 Li 0.1 NbO 3 were essentially the same as those reported by Yashima et al. 13) and those of the rhombohedral component of Ag 0.9 Li 0.1 NbO 3 obtained by Rietveld analysis are shown in Table II. XAFS extracts the local structure immediately surrounding the atom of the selected absorption edge. Nb-K XAFS yielded the radial distribution function around the Nb atoms. The local distribution functions of NaNbO 3 and Na 0.94 -Li 0.06 NbO 3 were obtained by collecting and Fourier-transforming the Nb-K XAFS spectra. The absorption spectra and distribution functions of both compounds are present in Figs Table I . 8) The obtained parameters of the rhombohedral phase were a = 5.5807(1) Å, b = 5.5103(1) Å, c = 15.5248(4) Å, R wp = 12.82%, R p = 9.36%, and goodness-of-fit (S) = 2.03. The mass fraction of the rhombohedral phase was 0.22. Some parameters were fixed at the same position as the NaNbO 3 parameters in the lowtemperature rhombohedral phase. 
Figures 6(a) and 6(b) shows the observed and calculated G(r)s of NaNbO 3 and Na 0.94 Li 0.06 NbO 3 , respectively. The data were measured at room temperature. The fitting assumed a rhombohedral structure with the space group R3c. The initial modeling structure was that of the low-temperature rhombohedral phase of pure NaNbO 3 . As this phase represents the local structure of the orthorhombic phase at room temperature, the diffuse phase transition of NaNbO 3 might be an order-disorder-type phase transition. Next, we 13) The obtained parameters of the rhombohedral phase were a = 5.5138(2) Å, b = 5.5138(2) Å, c = 13.7742(4) Å, R wp = 14.69%, R p = 10.25%, and goodness-of-fit (S) = 2.00. The mass fraction of the rhombohedral phase was 0.49. refined Na 0.94 Li 0.06 NbO 3 using the same rhombohedral structure model. Although the average Na 0.94 Li 0.06 NbO 3 structure constituted mixed-phase orthorhombic and rhombohedral structures, almost the entire local structure was fitted to the single rhombohedral structure. The refined structure parameters of Na 0.94 Li 0.06 NbO 3 are presented in Table III . The local structures differ mainly in their nearestneighbor (NN) Nb-O bond distance, as indicated by arrows in Figs. 6(a) and 6(b) . In pure NaNbO 3 , the NN bond distribution appeared as a broad singlet peak centered at approximately 2 Å. In Na 0.94 Li 0.06 NbO 3 , this peak was split into two sharper doublet peaks. The doublet feature of the Nb-O bond originates from the off-center shift of Nb atoms in the NbO 6 octahedra. As the Nb atoms shift along the 〈111〉 direction, some of the Nb-O bonds are lengthened and others are shortened. Therefore, the single-phase rhombohedral structure reproduces the PDFs of both NaNbO 3 and Na 0.94 Li 0.06 NbO 3 , indicating that the rhombohedral structure dominates in Na 0.94 Li 0.06 NbO 3 . As the Li substitution reduced the antiferroelectric component, we conclude that the ground state of NaNbO 3 forms a rhombohedral structure and that the diffuse phase transition with the coexisting phases arises from the disordering of the first NN distance.
By the above procedure, we also analyzed the local structures of AgNbO 3 and Ag 0.9 Li 0.1 NbO 3 . The experimental and calculated PDFs are shown in Figs. 7(a) and 7(b) , respectively. Again, we assumed a rhombohedral structure, which has the same atomic coordination as the rhombohedral component of Ag 0.9 Li 0.1 NbO 3 refined by average structure analysis. The refined structure parameters of Ag 0.9 Li 0.1 NbO 3 are presented in Table IV . However, despite possessing the same rhombohedral ground state as NaNbO 3 , the structural change of AgNbO 3 was induced by Li substitution at Ag sites, not at Nb sites. Specifically, the Li substitution ordered the originally disordered Ag-O bond distribution, indicating that the disorder feature of Ag sites induced the antiferroelectric behavior of AgNbO 3 . The PDF peaks corresponding to Ag-O appeared as broad doublets in pure AgNbO 3 , but altered to sharp triplets in the Ag 0.9 Li 0.1 NbO 3 , as indicated by arrows in Figs. 7(a) and 7(b) .
The results of structure analyses are summarized in Table V . The average and local structures obtained by PDF analysis changed with Li substitution. We could not detect Table I , were used as the initial structural parameters for Na 0.94 Li 0.06 NbO 3 . The final refined parameters are shown in Table III . Li substitution changed the Nb-O bond distribution (indicated by arrows). The observed average orthorhombic and monoclinic structures of NaNbO 3 and AgNbO 3 were disordered rhombohedral structures. In the local structure analysis, Li substitution reduced structural randomness, suppressing the disordered components of both NaNbO 3 and AgNbO 3 . The ordered components of the ferroelectric rhombohedral structure could then form long-range ordered structures. In perovskite systems with low tolerance factors, octahedral tilt arises because the ionic radii of the A-site species are smaller than the available volume. 34) The octahedra then rotate to reduce the size of the cuboctahedral interstices in the oxygen sublattice. This tilting competes with the displacement of Asite atoms and this competition causes intrinsic disordering. In AgNbO 3 , substitution by Li (with small atomic radius) directly affects the Ag displacement, but in NaNbO 3 , it modifies the cuboctahedral structure of NaO 12 , which indirectly modifies the tilting of NbO 6 octahedra.
Conclusions
We studied the effects of Li substitution in NaNbO 3 and AgNbO 3 . The average and local structures were refined by synchrotron X-ray measurements. The average structures of NaNbO 3 and AgNbO 3 were orthorhombic, but Li substitution introduced rhombohedral components. The local structures of the Li substituted NaNbO 3 and AgNbO 3 were refined by XAFS and PDF techniques. Locally, the average structures of NaNbO 3 and AgNbO 3 appeared as disordered rhombohedral structures. The disordered component was obscured by XAFS, but was revealed by the PDF technique. Although both NaNbO 3 and AgNbO 3 exhibited a rhombohedral ground state, they became disordered at different sites. The B-site was disordered in NaNbO 3 , whereas the A-site was disordered in AgNbO 3 . The disordered components were reduced by Li substitution. 
